Small-scale velocity fluctuations in turbulent boundary layers are often coupled with the largerscale motions. Studying the nature and extent of this scale interaction allows for a statistically representative description of the small scales over a time scale of the larger, coherent scales. In this study, we consider temporal data from hot-wire anemometry at Reynolds numbers ranging from Re τ ≈ 2800 to 22 800, in order to reveal how the scale interaction varies with Reynolds number. Large-scale conditional views of the representative amplitude and frequency of the small-scale turbulence, relative to the large-scale features, complement the existing consensus on large-scale modulation of the smallscale dynamics in the near-wall region. Modulation is a type of scale interaction, where the amplitude of the small-scale fluctuations is continuously proportional to the near-wall footprint of the large-scale velocity fluctuations. Aside from this amplitude modulation phenomenon, we reveal the influence of the largescale motions on the characteristic frequency of the small scales, known as frequency modulation. From the wall-normal trends in the conditional averages of the small-scale properties, it is revealed how the nearwall modulation transitions to an intermittent-type scale arrangement in the log-region. On average, the amplitude of the small-scale velocity fluctuations only deviates from its mean value in a confined temporal domain, the duration of which is fixed in terms of the local Taylor time scale. These concentrated temporal regions are centred on the internal shear layers of the large-scale uniform momentum zones, which exhibit regions of positive and negative streamwise velocity
Introduction
Research on high-Reynolds-number wall turbulence has revealed an organization of largescale turbulent structures. This coherent aspect is most pronounced in the logarithmic regions of wall-bounded flows and is evidenced by structures comprising significant lifetimes in the streamwise direction and a hierarchical ordering of scales in the wall-normal direction [1, 2] . These coherent structures include large-scale motions (LSMs) and very-large-scale motions (VLSMs), also referred to as superstructures [3] , which may be visible in the pre-multiplied energy spectrogram of the streamwise velocity fluctuations, k x φ uu /U 2 τ , through the appearance of a broad spectral peak in the log-region (e.g. [4, 5] ). For reference, Hutchins & Marusic [4] observed this outer-spectral peak at friction Reynolds numbers of Re τ > 2 000. Here, Re τ ≡ δU τ /ν, where δ is the turbulent boundary layer (TBL) thickness, U τ is the wall friction velocity and ν is the fluid kinematic viscosity. At the root of the (V)LSMs lie two types of smaller-scale features: recurrent near-wall streaks and hairpin vortices [6] . The near-wall streaks form the inner-spectral peak in the boundary layer spectrogram and obey viscous scaling with velocity scale U τ and length scale ν/U τ . Viscous-scaled variables are denoted by superscript '+'; note that we omit the superscript for velocity quantities, since these are all inner-normalized. In contrast to the near-wall cycle, hairpin vortices live predominantly in the log-layer, and form vortex packets when they align in the streamwise direction [7] [8] [9] [10] [11] . These packets-one-on-one related to the LSMs-exhibit a forward inclined structure, with a negative streamwise velocity fluctuation within the packet and positive fluctuations at either spanwise-flanked side of the packet [12] [13] [14] [15] [16] [17] . While LSMs are associated with streamwise scales of the order of 2-3δ, instantaneous VLSMs may stretch up to 10-15δ although often with some spanwise meandering [18] . VLSMs refer to regions of uniform streamwise momentum [9] , and may be related to merging LSMs, although the driving mechanisms are not yet well understood [3] . Concentrating on the small-scale turbulence again, their short integral length scales naturally restrict a larger-scale overview of their characteristics. For model development, it is therefore beneficial to study the interdependence of the small and large scales-here termed scale interaction (SI)-so that a statistically representative description of the small scales, relative to the (V)LSMs, may be obtained. For TBLs, a viscous-scaled separation scale of λ + x ≡ 7000 may be used to decompose the turbulence into small and large scales [18] [19] [20] ; e.g. all energy residing at λ + x < 7000 is considered as 'small scales'. For temporal data, a local mean velocity is used to determine the separation frequency. An inner-normalized separation scale guarantees that the universality of the small-scale turbulence is preserved. For the zero-mean streamwise velocity fluctuations, the decomposition yields a small-and large-scale component: u = u L + u S . Large-scale structures, encompassing regions of negative and positive fluctuations are referred to as low-and high-speed zones, respectively.
In the previous decade, substantial research efforts [4, 18, 21, 22] refocused on the SI that was initially described by Brown & Thomas [14] and Bandyopadhyay & Hussain [23] : a modulation-type phenomenon. Physically, the amplitude modulation (AM) refers to a largescale variation in the amplitude of the small-scale velocity fluctuations, that is continuously proportional to the large-scale velocity fluctuations. Such an AM effect is conceptually visualized in figure 1a for single-point time-resolved data. A small-scale velocity component (u S ) is amplitude modulated by an envelope (σ SL ) that closely resembles the large-scale velocity (u L ). For relevance to frequency modulation (FM) later on, we have also indicated an instantaneous frequency signal ( f SL ), which captures a large-scale variation in the characteristic frequency of u S . Bandyopadhyay & Hussain [23] attempted to quantify the SI in wall turbulence by correlating u L and a low-frequency signal representative of the small-scale amplitude (essentially an envelope to the small-scale fluctuations). Near the wall, the SI consists of a positive correlation, where, in addition, the small-scale envelope exhibits a phase lead relative to u L . A phase shift between u L and the small-scale envelope, σ SL , is schematically shown in figure 1b and denoted by τ a . Further out, in the log-region, a phase reversal occurs: an anti-correlation peak appears with a phase shift that resembles a phase lag of σ SL , relative to u L . Finally, in the upper parts of the outer region, only the anti-correlation peak survives. More recently, the zero-time-shift correlation coefficient between u L and σ SL was referred to as the AM coefficient [19, 25] ; its strength was shown to increase with Re τ in the near-wall region [19] . Other studies have focused on the SI pattern in an attempt to explain the origin of phase shift τ a (e.g. [26] [27] [28] ); most of these rely on Fourier analyses and conventional conditional averages, which may suppress localized, intermittent patterns in the SI. In addition, some of the aforementioned investigations were performed at relatively low Re τ , where insufficient scale separation is posing additional challenges in identifying the physical mechanisms causing the SI. In contrast to AM, fewer studies have focused on FM in TBL flows. FM has been studied by preserving the temporal variation of the characteristic frequency of the small scales [24, [29] [30] [31] . It was shown that FM was absent for wall-normal locations larger than ≈100ν/U τ at Re τ ≈ 14 750 and that the time shift (denoted by τ f in figure 1b) is qualitatively similar to that in AM, but possesses a smaller magnitude [24, 31] .
The aim of this work is to obtain a holistic view of the arrangement of small scales in high Reynolds number TBLs. We start by scrutinizing two-point hot-wire anemometry data to reveal coherent aspects of the large-scale motions ( §2). We then use single-point hot-wire data over a range of Reynolds numbers to examine the arrangement of the small scales relative to the large-scale motions. By representing the small-scale turbulence in terms of an instantaneous amplitude and frequency trace, we depict features of the SI via unique conditional views ( §3). A picture emerges of a near-wall modulation and an outer region scale arrangement ( §4).
2. Wall-coherent boundary layer structure (a) Experimental data .1) ). Zero-crossings in the conditioned field [ũ L | w (z, τ ) = 0] agree with the instants of maxima in the two-point temporal correlations between u L (z, t) and u L (z w , t), denoted by τ L (z). The global coordinate τ relates to the conditional point, whereas τ denotes a local reference frame, defined relative to the large-scale inclination (as depicted in (b)). (Online version in colour.)
to z/δ = 1.45, while a fixed near-wall probe, labelled 2 , was positioned at z + w ≈ 4.3 [24] . Boundary layer parameters, as well as hot-wire probe specifications, are summarized in table 1.
Apart from the two-point data, we consider 10 datasets from single hot-wire measurements [32, 34, 35] . These data correspond to a sequence of Re τ , ranging from approximately 2800 up to 22 800 (table 1) . For all data at Re τ ≤ 13 400, the closest measurement to the wall is at z + ≈ 10, which allows for studying the SI throughout the inner and outer regions of the TBL. The values of δ and U τ were obtained by fitting the mean velocity profile to a composite profile with loglaw constants of κ = 0.384 and A = 4.17 [36] . For reference we have listed δ 99 , defined as the wall-normal location at whichū/U ∞ = 0.99 (ū is the mean velocity). A recent added feature to Melbourne's boundary layer facility is a floating element drag balance, centred around x = 21 m. For the two-point data taken at nearly the same location (x = 21.65 m), U τ is inferred from the measured wall-shear stress as U τ = 0.637 m s −1 [33] , which agrees to within around 1.7% with the value obtained via the composite velocity profile fit. Regarding hot-wire specifications, all sensors obeyed the l/d ≥ 200 criterion, and generally, hot-wires had a viscous-scaled length of l + 25, except for three occasions. For the two-point measurement, the sensing element of the near-wall hot-wire had a diameter of d = 5 µm, resulting in l + ≈ 41. For the single-point data, the two highest Re τ conditions resulted in wire lengths of l + ≈ 29 and ≈ 39, respectively. Since no absolute energy levels are considered in this paper, the small-scale energy attenuation as a result of wire lengths l + 25 will not affect our findings [37] .
(b) Conditional structure and inclination
It is instructive to use our two-point data to depict the wall-coherent TBL structure. When longwavelength pass-filtering the data, with a passband of λ + x > 7000, we obtain two large-scale signals, u L (z w , t) and u L (z, t), for the fixed and traversing probes, respectively. We now condition u L (z, t) on occasions of zero-crossings in the near-wall signal u L (z w , t), viã
Here, τ is the time coordinate in the conditional field and the angular brackets denote an ensemble average over multiple conditional points. A tilde notation denotes the conditional fluctuation so thatũ L | w (z, τ ) is the conditioned large-scale velocity. An iso-contour map of innerscaledũ L | w (z, τ ) is shown in figure 2b . maxima in the two-point temporal correlations between u L (z, t) and u L (z w , t) are shown [24] . Wall-normal profiles ofũ L|w (z, τ ) = 0 and τ L (z) seemingly collapse and illustrate the forward inclination of the LSMs (e.g. [14, 38] ); in our global Eulerian frame of reference, the conditional large-scale event appears at z before it is being perceived at z w . Although the temporal extent of the conditional structure will be affected by the filter passband (a passband larger than λ + x > 7000 would result in a conditional structure whose duration is longer), we here focus on the temporal shift of the coherent structure. This stochastic shift is captured byũ L | w (z, τ ) = 0 and is virtually unaffected by the choice of passband. From §3 onwards, we proceed with single-point hot-wire data, for which we condition small-scale quantities relative to the local large-scale structure-for this purpose, we have introduced a local Eulerian coordinate τ , which is drawn for illustrative purposes in figure 2b.
(c) Scale-dependent coupling and stochastic estimation An inherent aspect of the conditional field and correlation extrema (figure 2b) is their indifference to scale. That is, the conditional fieldũ L|w (z, τ ) is inherently composed of all temporally coherent scales with λ + x > 7000. We here examine the scale-dependent coupling between the unfiltered near-wall velocity signal (u(z w , t), classified as the input) and the unfiltered fluctuations in the TBL (u(z, t), the output). A linear transfer kernel indicates how the output, u(z, t), is stochastically coupled with the input, u(z w , t), for each Fourier scale, following
where
is the Fourier transform of u, denotes ensemble averaging, the * indicates the complex conjugate and | | designates the modulus. Kernel H is equal to the inputoutput cross-spectrum, divided by the input spectrum, and may be expressed in terms of a gain, |H(z; f )|, and phase, φ(z; f ). Intuitively, the gain is the scaling factor for each Fourier mode during a linear stochastic estimate of the output [39] [40] [41] , whereas the scale-dependent phase accounts 
) and u(z, t).
Wavelength λ x is computed using the local mean velocity,ū(z), following
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for the shift of each mode. The scale-dependent gain is presented in figure 3a , alongside a premultiplied spectrogram of the raw signals, u(z, t); note that the near-wall reference position, z w , is indicated with the dash-dotted line. In order to interpret scale as a physical size, we transformed frequency to wavelength using Taylor's hypothesis, which does not have any implications. In the region of the (λ x , z)-plane where |H| is non-zero, a stochastic coherence exists for that particular scale λ x , between the near-wall reference position z w and position z. Iso-contours of the gain demonstrate a form of wall scaling that is consistent with Townsend's attached-eddy hypothesis in the log-region [42] . That is, the iso-contours of gain approach a one-to-one dependence between wall-normal position and scale, which implies that further from the wall, only larger scales remain coherent with the near-wall region. This form of wall scaling breaks-down in the near-wall region, where the streamwise velocity fluctuations are not expected to scale with distance from the wall. A more detailed inspection of the gain, and related stochastic coherence, is beyond the scope of this paper, as our current objective is to qualitatively visualize the coherent large scales in the boundary layer (to be described in the discussion of figure 4) . Next, the scale-dependent phase for the coherent scales is shown in figure 3b . The radial phase is pre-multiplied by the Fourier period to obtain a time shift, which is shown in outer-normalized form, τ U ∞ /δ. Iso-contours of the shift are only shown for the region where |H| > 0.2, since the phases of incoherent scales change erratically [41] . Alongside, in figure 3c, we have re-shown the profile τ L (z), defined as the maxima of the two-point correlations between u L (z w , t) and u L (z, t). This figure has reference curves corresponding to a constant physical inclination angle θ, which were constructed via τ U ∞ /δ = (z w − z)/ tan(θ )/δ. Typically, angles of θ ≈ 16 • have been reported for the u component of velocity [5] . Figure 3b shows that the shift is only weakly dependent on scale, and so the large scales are said to be non-dispersive. Henceforth, the inclination as identified by maxima in the temporal correlations is, on average, a valid representation of the forward leaning structures. For instance, at z/δ ≈ 10 −1 , the scale-averaged shift is τ U ∞ /δ ≈ −0.5 (figure 3b), which agrees with the maximum in the two-point correlation at that location (as shown by the dashed line from figure 3b to 3c).
Moving forward, the linear kernel may be used for a linear stochastic estimate of the TBL flow field [39, 41, 43] , which aids in visualizing the large-scale streamwise velocity fluctuations that are 
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The spectral estimate consists of a single multiplication of the complex-valued kernel and the Fourier-space representation of the unconditional input. Hence, during estimation, all coherent large scales are weighted properly via the gain (figure 3a), while the scale-dependent phase (figure 3b) efficiently accounts for the correct stochastic shift in time. A snapshot of a flow field estimate,û(z, t), for a random segment of the input signal, u(z w , t), is shown in figure 4 . Time histories at each wall-normal position are shown in inner-normalized form, with high-and lowspeed zones marked with black and blue lines, respectively. The unfiltered input signal, u(z w , t), is shown at its near-wall position of z + w ≈ 4.3, alongside a long-wavelength pass-filtered equivalent with λ + x > 7000. Per the kernel gain |H|, only the larger scales of the unfiltered input are included in the stochastic estimate. In fact, the linear transfer kernel is an inherent scale filter since only the scales that are coherent between the input (z w ) and output (z) are included in the estimate, while the incoherent scales cannot be estimated (|H| ≈ 0 for these scales). For one outer-region location, z + O ≈ 464, we have shown a comparison of the estimated and measured fluctuations (top of figure 4 ). Visual inspection reveals that the estimate captures the large-scale content of the direct measurement reasonably well. Notably, when high-and low-speed zones in the input occur with a longer duration (gleaned from the filtered input signal shown for reference at the bottom of figure 4), they penetrate further into the estimated field (to higher z locations); this is an instantaneous visual of the wall scaling in figure 3a.
Arrangement and modulation of small scales (a) Representation of small scales and a conditional view
From here on we confine ourselves to single-point data, meaning that we investigate how the amplitude and frequency of the small-scale turbulence, at a certain wall-normal location, are arranged relative to the local large-scale fluctuations at that same location. We start by illustrating our approach using one trace of the streamwise velocity fluctuations encountered at z + ≈ 10.5 in the Re τ ≈ 14 750 dataset. The raw velocity fluctuations (u) and the large-(u L ) and small-scale (u S ) components are plotted in figure 5 ; the latter two were formed by decomposing u with a separation scale of λ + x ≡ 7000 so that u = u L + u S . In order to inspect the amplitude and frequency properties of the small-scale velocity, two new time series are constructed from u S [24] . First we introduce a time trace that captures how the amplitude of the small-scale turbulence varies (recall figure 1) . For this we consider a time-varying one-sided energy spectrum of u, known as E( f , t) (constructed via wavelet transforms). When E( f , t) is integrated over a frequency range corresponding to the small-scale turbulence (frequencies bounded by the cut-off f c =ū/λ + x , where λ + x ≡ 7000, and the Nyquist frequency f N ), the time-varying standard deviation of u S is retrieved after taking the square root, following equation (3.1). The mean standard deviation of the small scales is denoted byσ S , whereas σ S (t) are the zero-mean temporal fluctuations of the standard deviation. Only the large-scale variations of σ S (t) are retained by long-wavelength pass-filtering with λ + x > 7000. The resulting time series, σ SL (t), is dubbed the instantaneous amplitude (IA) and may be interpreted as an envelope to the small-scale fluctuations (comparable to one obtained via a Hilbert transform approach [19] ).
A second representative time trace of u S is taken as its instantaneous frequency (IF), which is the first spectral moment of the time-varying energy spectrum [44] , followinḡ
Analogous to the IA, the mean characteristic frequency of the small scales isf S and its zero-mean fluctuations are f S (t); after long-wavelength pass-filtering we obtain f SL (t). To summarize, σ SL (t) reflects the deviation of the amplitude of the small-scale fluctuations from its mean standard deviation, while f SL (t) represents the zero-mean temporal variation in the characteristic frequency of u S . -800 -400 0 400 800 t + -800 -400 0 400 800 inner-normalized using the velocity scale U τ and frequency scale U 2 τ /ν, respectively (as for u, we have omitted superscript '+'). Two time domains are accentuated using the grey-shaded areas and assist in illustrating the meaning of σ SL and f SL . The first domain, starting at tU ∞ /δ ≈ 4, corresponds to a high-speed zone (u L > 0). Here, u S comprises a relatively high intensity, with a higher frequency, resulting in σ SL and f SL both being positive. For the second time domain, around tU ∞ /δ ≈ 20, a low-speed zone results in an opposite trend.
In later sections of the paper, we condition σ SL and f SL on the zero-crossings of u L to examine how the small-scale IA and IF are arranged relative to the large-scale fluctuations. Zerocrossings of u L are chosen as the conditioning point as these are well-defined local points in the large-scale time series, and they ideally correspond to the spatial transitions between highand low-speed zones. For explanatory purposes, we have shown three methods of conditional averaging of time series u L and σ SL , nominally at the centre of the log-region of the Re τ ≈ 14 750 dataset (z + O ≡ 3.9 Re 1/2 τ ≈ 464). We have conditioned on the negative-to-positive zero-crossings of u L , and the conditional curves, denoted byũ L andσ SL , are shown in figure 6a ,b, respectively. The first method of averaging includes all zero-crossings, with the individual time segments spanning a fixed domain in time surrounding the conditional point at τ = 0 (the same number of ensemble averages is taken for all τ ). Note that T signifies the duration between two consecutive zero-crossings in u L , hence we have labelled this case with ∀T in figure 6c . Both the conditional low-and high-speed zones, visualized byũ L , last for τ ≈ 0.75δ/U ∞ ; this duration reflects an average value of T. As a minor remark, the wiggles inũ L are an artefact of the spectral scale separation. Fromσ SL in figure 6b , it is apparent that we have a centred region around τ = 0 encompassing an enhanced IA of u S . Our second way of averaging is similar to the first case, except that zero-crossings are omitted in the ensemble for which its precedent and successive zero-crossings are temporally spaced by less than 0.2δ/U ∞ (outer scaling). Now,ũ L shows slightly longer low-and high-speed conditional zones. Moreover, this outer-scaling constraint aids in eliminating spurious zero-crossings from the conditional average-ones that physically do not correspond to large-scale motions obeying outer scaling. Although our primary conclusions are unaffected by not considering this outer-normalized constraint, the inclusion of this constraint generally results in conditional averages with better signal-to-noise ratios ( figure 6a,b) , in which SI phenomena are more easily observed. As a third scheme we apply a variable-interval technique to the second scheme, which ensures that each ensemble only constitutes the time segment that spans from the precedent up to the successive zero-crossing, surrounding the conditioning zero-crossing point. Such a conditional averaging technique ensures that we concentrate on a localized region [24] ; previously, similar conditional averaging schemes were used to study coherent features in the near-wall region of TBLs (e.g. [45] ). For the variable-interval technique, the number of ensembles becomes a function of τ ; this is apparent from figure 6c where the profile identified as variable follows an exponential decay away from τ = 0. In all our conditional fields later on we use the third conditional averaging scheme, as this guarantees that the smaller large-scale structures do not mask any behaviour of the larger ones. For one Reynolds number, Re τ ≈ 14 750, we have assembled conditional fields of the largescale velocity, the small-scale IA, and the small-scale IF, by conditional averaging time series at each wall-normal position z + (conditioned on the local zero-crossings of u L , e.g. at the same z + location). Figure 7a presents the conditional field of the large-scale velocity, denoted byũ L . We conditioned on the negative-to-positive zero-crossings of u L (τ np = 0, when u L = 0 and ∂u L /∂t > 0), shown on the left half of figure 7 , and the positive-to-negative zero-crossings (τ pn = 0), shown on the right half. Note that the time coordinate is inner-normalized and that the field is conditionally periodic with an outer time scale, since we have conditioned on the zero-crossings of u L . Owing to the variable-interval conditional averaging (as described above), it is not surprising thatũ L consists of conditional low-and high-speed zones (ũ L < 0 andũ L > 0) with an approximately constant amplitude in time. Re τ = 2800 3600 4300 5100 6000 8400 10 500 13 400 17 800 22 800 pattern is observed in theσ SL field (figure 7b), for both the inner and outer regions, while thẽ f SL field (figure 7c) solely reveals a coherent pattern in the inner region (contours are faded for z + 100, where there is no apparent pattern [24, 31] ).
IA IF conditionally periodic: T~d
(b) Reynolds number trend of small-to-large-scale interdependence
Prior to describing the physics embedded in the conditional fields of figure 7 (partially discussed in [24] ), it is beneficial to reveal their Reynolds number trends. Conditional fields are constructed for all single-point data listed in table 1, and for brevity we only consider their zero-valued contour lines (zero contours are also shown in figure 7) . Nevertheless, visual inspection of the iso-contours revealed nearly indistinguishable characteristics for the entire range of Re τ . In figure 8a ,b, we have plotted the zero-contours of the conditional fieldsσ SL in a coordinate system similar to figure 7b, with an outer-and inner-normalized wall-normal coordinate in figure 8a ,b, respectively. Likewise, in figure 8c we have shown the zero-contours corresponding to thef SL fields, which only show consistent trends in the inner region. Figures 7 and 8 reveal three distinctly different trends of small-to-large-scale interactions [46] , which we categorize using wall-normal locations labelled A, B and C (figure 7b). In near-wall region A, a relatively low small-scale amplitude and frequency are observed in lowspeed zones (blue regions in figure 7b ,c, forũ L < 0), and vice versa for high-speed zones. In intermittent region C, at roughly z/δ 0.4, we observe a reversed effect. That is,σ SL is positive and negative in low-and high-speed zones, respectively. Finally, surrounding the centre of the log-region, B, an enhanced small-scale IA is concentrated at τ np = 0 (physically along the inclined back of the low-speed zones [20, 26] ), while the small-scale IA is weakened along the back of high-speed zones. 
Discussion and conclusion (a) Near-wall modulation of small scales
Here we review how, in the near-wall region, the SI manifests itself as a modulation phenomenon. The modulation can be posed as a consequence of large-scale fluctuations in the wall-shear stress, τ w (e.g. [21, 42, 46] ). When time is preserved via a quasi-steady-large-scale-varyingdescription of the velocity, it may be argued that τ w ∝ u L (see also [47, 48] ). Or, since U τ ≡ √ τ w /ρ, the friction velocity obeys the relation (
Here, U τ is a large-scale variation of the friction velocity, which is observed as quasi-steady from the viewpoint of small-scale fluctuations (recall thatū is the local mean velocity). Since the near-wall cycle is believed to scale on viscous units, it was hypothesized that the large-scale varying amplitude of the small scales is constant when normalized with the quasi-steady friction velocity, implying that
This proportionality relation may be rewritten as factors by which the fluctuations deviate from their respective means:
where p = 0.5. We have confirmed this relation for the single-point conditional data at z + ≈ 10 in figure 9a , where 1 +σ SL /σ S is plotted versus 1 +ũ L /ū on a log-log plot. From the power-law fit lines, we observe that the data adhere to p ≈ 0.5, which demonstrates that the near-wall AM for all data agrees with this quasi-steady model (2800 < Re τ < 13 400; no data are available at z + ≈ 10 for Re τ ≈ 17 800 and 22 800). Simply stated, when a high-speed zone occurs, the increased friction velocity causes an increase of the small-scale IA. Conversely, a low-speed zone causes the small-scale IA to decrease (figure 7b).
For FM, similar arguments can be made, since the quasi-steady variation of the friction velocity affects the temporal frequency. Two factors contribute to the observed FM and may be explained by noting that frequency f is related to a spatial wavelength λ x via f = U c /λ x , where U c is a convection velocity. Concerning the first contributing factor to FM, the near-wall cycle is envisioned to have a characteristic length scale that is fixed in inner variables [6] (an inner peak in the boundary layer spectrogram resides at λ + x ≈ 1000). Hence, the spatial length scale is affected via 
To summarize, the temporal FM is a combination of a spatial FM of the near-wall cycle (p 1 ) and an artefact induced by quasi-steady variations in U c (p 2 ); previously, for a turbulent jet, it has been shown that quasi-steady variations in U c may indeed result in an enhanced FM from a temporal point of view [49] . As above for AM, we have plotted the proportionality relation for the FM in figure 9b. Following the above arguments, the data should follow a slope of p 1 + p 2 = 1. However, the data appear to follow p 1 + p 2 ≈ 0.8, which is likely caused by an inaccurate assumption that all small scales convect at a fixed inner-scaled velocity (p 2 may be smaller than 0.5); this demands further research and requires spatial and temporal data in the near-wall region.
Finally, a summarizing schematic, figure 11 , has been produced to collate all of the principal conclusions from this study. In figure 11a , we have depicted the near-wall modulation at location A using a conditionally representative trace of u S .
(b) Arrangement of scales in the outer region
In comparison to the near-wall region, a reversed SI phenomenon is observed in the intermittent region. That is, the small-scale IA exhibits positive fluctuations when the large-scale velocity fluctuations are negative, and vice versa. This type of scale arrangement is the consequence of the intermittent exposure of the hot-wire to turbulent (conditionally captured byũ L < 0) and nonturbulent fluid (ũ L > 0). Large-scale turbulent bulges comprise small-scale turbulence, whereas the non-turbulent zones consist of irrotational fluid. This type of scale arrangement is shown in region C of figure 11a via a representative trace of u S with an enhanced activity in the turbulent bulge. Conditionally, a small-scale turbulence activity is still present whenũ L > 0 (although its intensity is lower than in theũ L < 0 region), since the zero-crossings in the large-scale signal do not represent the exact instances of the turbulent/non-turbulent interface.
A final distinct feature of SI appears around location B, covering the centre of the log-region. For one friction Reynolds number, Hutchins et al. [20] reported that the largest fluctuations in the small-scale turbulence are aligned with the internal shear layers along the inclined back of lowspeed zones. Our result in figure 7b confirms this as a dark shaded region of enhanced small-scale activity (σ SL > 0) at τ np = 0 and z figure 10a with the time axis being normalized with the locally defined Taylor time scale, λ τ ≡ λ T /ū. Here,ū is the local mean velocity and the Taylor microscale λ T is computed from the local time series of u, using Taylor's hypothesis, via λ 2
Evidently, the duration of these enhanced regions ofσ SL are fixed in terms of the local Taylor time scale over almost a decade of Re τ . It is therefore concluded that the SI at location B is a scale arrangement, as opposed to a modulation [46] . Specifically, small scales are known to comprise a higher intensity in the confined internal shear layers along the backside of large-scale, low-speed regions. These intense small-scale fluctuations are related to confined regions of intense vorticity [51] , which are believed to separate the large-scale zones of uniform momentum (e.g. [9, [52] [53] [54] ). For TBLs, Priyadarshana et al. [51] investigated the event durations of intense vorticity using temporal data and concluded that the local Taylor time scale is a characteristic scale for these events [55] . Recently, Eisma et al. [54] observed from spatial data that the thickness of internal interfaces in a TBL scales with the local Taylor microscale and equals approximately 0.4λ T . Note that this spatial interface thickness is in line with the values reported from the temporal studies [51, 55] , since Taylor's hypothesis is reasonably accurate in the centre of the log-region (note that orientation of the interface also plays a role in the observed thickness). Our duration of enhanced small-scale activity is significantly longer (approx. 60λ τ , figure 10a ). This duration should not be interpreted as the average thickness of an interface, since the total duration is to some extent dictated by the jitter of the actual temporal passage of the interfaces (and thus when the confined regions of enhanced small-scale fluctuations pass), relative to our conditional average criterion (u L = 0). Nevertheless, our observed scaling of the intense region of enhanced small-scale activity with the Taylor time scale (and it being centred at u L = 0) still suggests that this region is associated with the thickness of the internal shear layers. Aside from the conditional region of enhanced smallscale activity in the log-region, the small-scale fluctuations are weakened along the backside of the high-speed zones, where the shear between the low-and high-speed zones is opposite to the mean shear (σ SL < 0 around τ pn = 0 in figure 7b ). Recalling the schematic in figure 11a , the smallscale activity at location B is indicated by a trace of u S . We have also shown shaded conditional regions where u S comprises enhanced and weakened fluctuations, in order to summarize the behaviour of the SI throughout the TBL (recall figure 7b) . A log axis for the wall-normal direction is envisioned in this schematic. As a final discussion point we are concerned with the temporal shift τ a , between u L and σ SL , for which a peak correlation may occur (recall figure 1b) . As is notable from figure 7b, a smooth transition of the zero-valued contour line occurs from region A → B and region C → B; this contour is related to τ a . Note that the smooth transition of the different trends in the regions identified with labels A to C is inherent to the conditional view; instantaneously, more sharp demarcations may exist between the trends (e.g. above and below the turbulent/non-turbulent interface). Closest to the wall and near the boundary layer edge, the contour has an approximate zero shift from τ np = τ pn = 0. Owing to the presence of the conditional regions of enhanced and weakened IA centred at τ np = 0 and τ pn = 0 at wall-normal location B, the time instance of the contour becomes increasingly negative when moving up through region A, and increasingly positive when moving down through region C. From figure 8a,b, we observe that these shifts collapse (dashed ellipses) when inner-normalized (note the inner-normalized abscissae). These shifts are also described as a lead of the IA and IF signature relative to u L , in the near-wall region, while a lag takes place above the log-region. We now recall results from cross-correlation maps between u L and σ SL , and u L and f SL , found in the literature [23, 24, 27] . Such cross-correlation maps present the strength of correlation in the (z, τ a ) space, where τ a is the relative shift between u L and σ SL at location z (in our convention, σ SL (t) leads u L (t) when the correlation peaks at τ a < 0). For all single-point data, we have identified the shifts corresponding to the extrema in the correlation maps of u L and σ SL , which are plotted in figure 10c,d , with inner-and outer-normalized z coordinates, respectively. In addition, we have superposed the extrema extracted from the study by Guala et al. [50] of an atmospheric surface layer at Re τ ≈ 5 × 10 5 . Following the schematic of figure 11c, and recalling the discussions of figures 7 and 8, the presence of both the positive and negative correlation branches in the log-region ( figure 10c,d ) is explained. When artificially shifting u L forward in time, relative to σ SL (large-scale zones shift to larger x in figure 11c), a positive cross-correlation between σ SL and u L will emerge, since the region of enhanced σ SL will become aligned with the high-speed zone (u L > 0). Following the same logic a negative cross correlation between σ SL and u L is explained. Occasionally, this positive and negative correlation has been dubbed a 'phase reversal' [23, 26, 27] . The required shift to obtain these peak correlations is related to the duration of the region of enhanced (and weakened) small-scale IA, which was shown to scale with λ τ . In figure 10b , we have re-shown the correlation extrema of figure 10d, but now with an outer-normalized time. Superposed are wall-normal profiles of the integral time scale of the raw streamwise velocity fluctuations, T 0.2 (taken as the instant that the autocorrelation of u drops below 0.2). Profiles of T 0.2 show that the duration of the coherent, large scales is approximately fixed in outer time scales. Only at relatively low Reynolds numbers (Re τ ≈ 3000-4000) is the shift in the amplitude interaction, τ a , of the order of the time scales of the largescale coherent structures (such a case was shown schematically in figure 11b). With increasing Re τ , the duration of enhanced IA (∼ λ τ ) decreases in terms of an outer-scaled time variable (figure 11c). Consequently, τ a approaches an indistinguishable shift in terms of the characteristic time scale of the large-scale motions, as is clearly seen from the Reynolds number trend in figure 10b and the highest Reynolds number data on that plot (Re τ ≈ 5 × 10 5 [50] , indicated with the stars).
To conclude, we have presented how the SI in TBLs is consistent with an accepted framework of near-wall modulation (figure 9a,b) and a preferential arrangement of scales in the outer region. Our current results agree with the concept of internal shear layers (figure 10a) between uniform momentum zones [9, 54] , which are known to encompass concentrated regions of intense spanwise vorticity [53] .
